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(57) ABSTRACT 

Inorganic oxide substrates are functionalized With silicon 
free organic functionaliZing agents. The organic functional 
iZing agent has a bonding functional group for bonding to the 
substrate and a functionaliZing moiety that is not bonded to 
the substrate for imparting a desired functionality to the sub 
strate. The functionalized inorganic oxide substrates are 
manufactured by selecting a functionaliZing agent and reac 
tion conditions that allows the bonding functional group to 
bond to the inorganic material While leaving the functional 
iZing moiety available for providing the desired functionality. 
The functionalized inorganic oxides can be used as ?ller 
materials in polymers or to manufacture a supported nano 
particle catalyst. 
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METHODS FOR MANUFACTURING 
FUNCTIONALIZED INORGANIC OXIDES 
AND POLYMERS INCORPORATING SAME 

BACKGROUND OF THE INVENTION 

1. The Field of the Invention 
The present invention relates to methods for functionaliZ 

ing inorganic oxides such as silica. Speci?cally, inorganic 
oxides are functionalized with organic agents that are free of 
silicon. The functionalized inorganic oxides can be used for a 
variety of purposes such as supports for catalysts. 

2. The Relevant Technology 
Solid inorganic oxides such as silica, alumina, and other 

inorganic oxides are used in many different materials for a 
wide variety of applications. For example, silica and alumina 
can be used as ?ller materials or as supports for catalysts. 

The surface properties of the inorganic oxide can be very 
important to the overall performance of the material. For 
example, the surface properties of the particle often deter 
mine how well the inorganic oxide will bond with other 
materials. 

It is common to modify the surface of inorganic oxides to 
give the inorganic oxide particular properties. Inorganic 
oxides such as silica have been functionalized with many 
different types of functional groups, including carboxy, 
hydroxyl, thiol, amino, and other useful functional groups. 

The existing methods for functionaliZing solid inorganic 
materials with desired functional groups requires reacting the 
inorganic oxide (e.g., silica) with an organosilane. Organosi 
lanes have the general formula of XSiY3 where X is a termi 
nally functionalized organic compound andY is an alkoxide 
or halide. Typically the organosilane reacts with functional 
groups on the surface of the inorganic material to loseY in a 
condensation or substitution reaction. 

Although silanes are very good functionaliZing agents for 
functionaliZing inorganic materials, silanes have limitations. 
One disadvantage of using silanes is the limited options for 
selecting the reaction conditions for carrying out the func 
tionalization. This disadvantage can limit the types of func 
tionaliZing groups or can signi?cantly increase the manufac 
turing costs, or both. 

Therefore what is needed is a method of functionaliZing 
inorganic materials with desired functional groups while 
avoiding the limitations and expenses of silanes. 

BRIEF SUMMARY OF THE INVENTION 

The present invention relates to methods for manufacturing 
functionalized inorganic oxide substrates using organic func 
tionaliZing agents that are free of silicon. The inorganic 
oxides can be used as a ?ller material by incorporating the 
functionalized inorganic oxides into a polymer. The silicon 
free organic functionaliZing agents of the present invention 
include (i) at least one bonding functional group that is 
capable of bonding with the surface of the inorganic material 
and (ii) at least one functionaliZing moiety that imparts a 
desired functionality to the inorganic oxide substrate once the 
functionaliZing agent is bonded thereto. 

The bonding functional group on the functionaliZing agent 
is selected to react with surface functional groups on the 
inorganic oxide (e.g., hydroxyl groups). In an exemplary 
embodiment, the bonding functional groups of the anchoring 
agent comprise a hydroxyl, a carboxyl, a carbonyl, an amine, 
an amide, a nitrile, a nitrogen with a free lone pair of elec 
trons, an amino acid, a thiol, a sulfonic acid, a sulfonyl halide, 
and/ or an acyl halide. 
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2 
The functionaliZing moiety is a second reactive group on 

the anchoring agent. The functionaliZing moiety and reaction 
conditions are selected such that the functionaliZing moiety 
does not react with substrate. Once the functionaliZing agent 
is bonded to the substrate the functionaliZing moiety imparts 
a desired functionality to the inorganic oxide substrate. 
Almost any functionality can be given to the inorganic mate 
rial using the methods of the present invention. The function 
aliZing groups can provide functionality such as a positive 
charge, a negative charge, aromaticity, hydrophobicity, 
hydrophilicity, combinations of these, and the like. Suitable 
functionaliZing moieties include those listed above as suit 
able bonding agents. 
The non-silane, organic functionaliZing agent can be a 

small organic molecule, oligomer, or polymer. Examples of 
suitable functionaliZing agents include one or more of oxalic 
acid, malic acid, malonic acid, maleic acid, succinic acid, 
glycolic acid, lactic acid, glucose, citric acid, pectins, cellu 
lose, ethanolamine, mercaptoethanol, 2-mercaptoacetate, 
glycine, sulfobenzyl alcohol, sulfobenzoic acid, sulfobenzyl 
thiol, sulfobenzyl amine, polyacrylates, polyvinylbenzoates, 
polyvinyl sulfate, polyvinyl sulfonates, polybisphenol car 
bonates, polybenZimidizoles, polypyridine, sulfonated poly 
ethylene terephthalate, or combinations of these. 

Using the methods of the present invention, an inorganic 
oxide canbe functionalized to have functionalities not readily 
available by functionaliZing with a silane. The bonding func 
tional groups of silanes are typically limited to alkoxides and 
halides. The bonding functional groups of the functionaliZing 
agents of the present invention are not limited in this regard. 
The reaction conditions for functionaliZing the inorganic 
oxides of the present invention can be signi?cantly different 
than reaction conditions for silanes since the functionaliZing 
agents of the present invention are not limited in the same way 
silane compounds are. 
The present invention also includes polymeric materials 

incorporating the functionalized inorganic oxides of the 
present invention. The polymeric material can be any poly 
mer including, but not limited to, polypropylene, nitrile rub 
ber, polystyrene, polyamides, and the like. 
The functionaliZing moiety is selected to bond with the 

particular type of functional groups present in the polymer. 
Using the method of the present invention, any bonding 
arrangement can be achieved between the polymer and the 
inorganic oxide by selecting a functionaliZing moiety with an 
appropriate chemical property such as a positive charge, a 
negative charge, aromaticity, hydrophobicity, and/or hydro 
philicity. For example, for polymers that are hydrophobic, the 
inorganic oxides can be functionalized with hydrophobic 
functionaliZing moieties. For polymers with anionic func 
tional groups, the inorganic oxide can be functionalized with 
a cationic functionaliZing moiety (or vice versa). 
The polymers combined with the functionalized inorganic 

oxides of the present invention have improved properties do 
to the bonding between the ?ller and polymer as compared to 
other polymers that are ?lled with ?ller materials. Polymeric 
materials made using the present invention are particularly 
advantageous for use in polymers where high strength is 
important, such polymers used to make automobile parts (e.g. 
bumpers, tires, dashboards, and hoses for brake lines and 
heating and cooling systems). 

In an alternative embodiment the functionalized inorganic 
oxide is used as a precursor material for forming supported 
catalytic nanoparticles. A detailed description of methods for 
making supported catalytic nanoparticles using functional 
ized inorganic oxides is disclosed in US. patent application 
Ser. No. 11/ 126,963, entitled “Methods for Manufacturing 



US 8,097,229 B2 
3 

Supported Nanocatalysts and Methods For Using Supported 
Nanocatalysts,” ?led May 10, 2005, which is hereby incor 
porated by reference in its entirety. One advantage of using a 
support material manufactured according to the present 
invention is that the functionalizing molecules on the catalyst 
support preferably do not contain metals and/ or heteroatoms. 
Thus, the functionalizing agents of the present invention can 
not contribute to undesirable leaching of metals and/or het 
eroatoms. 

These and other advantages and features of the present 
invention will become more fully apparent from the following 
description and appended claims as set forth hereinafter. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

I. Introduction 
The functionalized inorganic oxide substrates of the 

present invention are manufactured using silicon-free organic 
functionalizing agents. The organic functionalizing agent has 
a bonding functional group for bonding to the support and a 
functionalizing moiety for imparting a desired functionality 
to the substrate. The functionalized inorganic oxide sub 
strates are manufactured by selecting a functionalizing agent 
and reaction conditions that allows the bonding functional 
group to bond to the support while leaving the functionalizing 
moiety available for providing the desired functionality. 
II. Components Used to Manufacture Functionalized Inor 
ganic Oxide 

A. Inorganic Oxide Substrates 
Any solid inorganic oxide substrate can be used to form 

functionalized substrates according to the present invention 
so long as the inorganic oxide has surface functional groups 
or can be made to have surface functional groups that are 
available for bonding with the functionalizing agent. Suitable 
inorganic oxides include, but are not limited to, alumina, 
silica, silica gel, titania, kieselguhr, diatomaceous earth, ben 
tonite, clay, zirconia, magnesia, as well as the oxides of vari 
ous other metals, alone or in combination. They also include 
porous solids collectively known as zeolites, natural or syn 
thetic, or other inorganic oxide materials that have ordered or 
quasi-ordered pore structures. 

Exemplary inorganic oxide substrates may be in a variety 
of physical forms. They may be either porous or non-porous. 
They may be 3-dimensional structures such as a powder, 
granule, tablet, extrudates, or other 3-dimensional structure. 
Substrates may also be in the form of 2-dimensional struc 
tures such as ?lms, coatings, or other mainly 2-dimensional 
structures. They may be l-dimensional structures, such as 
?bers or other essentially linear structures. 

The physical form of the inorganic oxide substrate will 
depend on the particular application in which the substrate is 
being used. Those skilled in the art are familiar with the 
particular physical form that is needed for a particular appli 
cation. For example, substrates used as catalyst supports are 
often a porous particulate. Catalyst support materials advan 
tageously have a particle size of about 1 micron to about 5 mm 
and a surface area of about 100 to about 1000 m2/ g, although 
support materials having other particle sizes and surface areas 
can also be used. 

B. Functionalizing Agents and Molecules 
The functionalizing agents and molecules are organic com 

pounds that include functional groups that give the function 
alizing agent molecules desired reactive properties. An 
advantageous feature of the functionalizing agent molecules 
is that they are free from silicon atoms. Silicon-free function 
alizing agents can provide unique functionality to the sub 
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4 
strate and/or can reduce the cost of adding such functionality 
to an inorganic oxide substrate. 
The functionalizing agents include individual molecules 

having at least two functional groups: a bonding functional 
group allows the functionalizing agent to be bonded to the 
substrate and a functionalizing moiety gives the substrate a 
desired functionality. The two or more functional groups (i.e., 
the bonding functional group and the functionalizing moiety) 
may be of the same type, or may be selected from two or more 
different types of functional groups. 
The bonding functional group is selected to bond with the 

surface functional groups on the surface of the substrate. 
Suitable functional groups for bonding to the inorganic oxide 
substrate include one or more of a hydroxyl, a carboxyl, 

carbonyl, an amine, an amide, an amino acid, a thiol, a sul 
fonic acid, a sulfonyl halide, an acyl halide, a nitrile, a nitro 
gen with a free lone pair of electrons (e.g., pyridine), combi 
nations of these, or derivatives of these. In many cases, the 
bond between the bonding functional group and the surface 
functional groups of the substrate will involve a condensation 
reaction. Particularly preferred bonding functional groups 
include carboxyl, hydroxyl, amine, and sulfonic groups alone 
or in combination. These bonding groups are particularly 
useful for forming bonds with the hydroxyl groups on the 
surface of the inorganic oxide. 
The functionalizing moiety is selected to give the substrate 

desired chemical properties. Bene?cial properties can be 
added to the surface of the substrate through groups that have 
a negative charge, positive charge, or a neutral charge, or that 
are hydrophilic or hydrophobic. Suitable functionalizing 
moieties that can provide the desired functionality include the 
same group of compounds that can be used as bonding func 
tional groups, although the functionalizing moieties are not 
limited to these. Particularly preferred functionalizing moi 
eties include carboxyl, hydroxyl, amine, nitrile, amide, and 
halide. These functionalizing moieties are particularly useful 
for forming catalyst nanoparticles and/or for allowing the 
functionalizing agent to bond with other materials. 
The functionalizing agents used to make functionalized 

inorganic oxide substrate can be a bifunctional or a polyfunc 
tional molecule. Examples of bifunctional functionalizing 
agents include diacids such as oxalic acid, malonic acid, 
maleic acid, succinnol acid, and the like; dialcohols such as 
ethylene glycol, propylene glycol, 1,3-propanediol, and the 
like; and hydroxy acids such as glycolic acid, lactic acid, and 
the like. Useful polyfunctional molecules include sugars such 
as glucose, polyfunctional carboxylic acids such as citric 
acid, hydroxy diacids, and the like. 

Other useful functionalizing agents include ethanolamine, 
mercaptoethanol, 2-mercaptoacetate, amino acids such as 
glycine and alanine, sulfonic acids such as sulfobenzyl alco 
hol and sulfobenzoic acid, and other sulfobenzyl compounds 
having amino and thiol functional groups. 

Functionalizing agents according to the invention also 
include polymers or oligomers, which can be natural or syn 
thetic. The molecular weight of the polymer or oligomer 
molecules may be selected to yield functionalizing agents 
having a desired number of functional groups per molecule. 
In general, the number of functional groups is at least 4. 

Suitable polymers and oligomers within the scope of the 
invention include, but are not limited to, polyacrylates, poly 
vinylbenzoates, polyvinyl sulfate, polyvinyl sulfonates, 
including sulfonated styrene, polybisphenol carbonates, 
polybenzimidizoles, polypyridine, sulfonated polyethylene 
terephthalate. Other suitable polymers include polyvinyl 
alcohol, polyethylene glycol, polypropylene glycol, and the 
like. 
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The particular functionaliZing agent selected will depend 
on the intended use of the functionalized inorganic oxide 
substrate. For example, where the functionalized substrate is 
to be used to manufacture supported nanocatalyst particles, 
the functionaliZing agent can be selected to bond to catalyst 
atoms. Particularly suitable functionaliZing agents for form 
ing nanocatalyst particles include citric acid, polyacrylic 
acid, oxalic acid, ethylene glycol, ethanolamine, glycine, gly 
colic acid, adipic acid, salts thereof, and combinations 
thereof. 

The exemplary functionaliZing agents listed above are 
referred to in their unbound form. Those skilled in the art will 
recognize that once the functionaliZing agent is reacted with 
the support and/or the catalyst atoms, the functionaliZing 
agent molecules change slightly, (e.g., by losing a hydrogen 
or hydroxyl in a condensation reaction). As used herein, the 
foregoing functionaliZing agents and molecules include these 
derivative compounds. 

C. Solvents 
A solvent or carrier can be used as a vehicle for combining 

the inorganic oxides and the functionaliZing molecules. The 
solvent used to make the inventive compositions may be an 
organic solvent, water or a combination thereof. Organic 
solvents that can be used include alcohols, ethers, glycols, 
ketones, aldehydes, nitriles, and the like. 

Preferred solvents include methanol, ethanol, n-propanol, 
isopropyl alcohol, acetonitrile, acetone, tetrahydrofuran, eth 
ylene glycol, dimethylformamide, dimethylsulfoxide, meth 
ylene chloride, water, and the like, including mixtures 
thereof. 

Other chemical modi?ers may also be included in the liq 
uid mixture. For example, acids or bases may be added to 
adjust the pH of the mixture and/ or to catalyze condensation 
reactions. Surfactants may be added to adjust the surface 
tension of the mixture. 
II. Methods for Manufacturing Functionalized Inorganic 
Oxides 

Preliminarily, functionalized catalyst supports or other par 
ticles are manufactured by reacting one or more bonding 
functional groups of the functionaliZing agent molecules with 
one or more corresponding surface functional groups of the 
metal oxide support or other particle. This may be accom 
plished, for example, by creating conditions that are condu 
cive to the formation of a condensation reaction product 
between the bonding functional group(s) and the surface 
functional group of the metal oxide particle. An acid, base, 
heat or combination thereof may be used to induce the desired 
condensation reaction. The functionaliZing agent molecules 
are reacted in such a way that unreacted functionaliZing moi 
eties remain, thereby yielding functionalized particles. These 
may be used in any desired manner. 

The particular functionaliZing moiety selected will often 
depend on the ultimate use of the functionalized particle. In 
one embodiment, the functionalized inorganic oxide particles 
are used as a ?ller material in a polymer. In another embodi 
ment, the functionalized inorganic oxide is used as a precur 
sor for manufacturing supported nanocatalyst particles. 

A. Manufacturing Composite Polymers Incorporating 
Functionalized Inorganic Oxides 

The composite polymers of the present invention are 
manufactured by mixing a polymer with a functionalized 
inorganic oxide. In this case, the functionaliZing moiety is 
selected to bond with the particular type of polymer that the 
functionalized particles are to be mixed with. 

The polymeric material can be any polymer, such as 
polypropylene, nitrile rubber, polystyrenes, polystyrene ben 
zenes, polyamides, polybenZimidizoles, polyanilines, poly 
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6 
diallyldimethylammonium chloride, polychloroethylether 
dimethylamino-propyl-urea, and the like. After selecting the 
type of polymer, the functionaliZing moiety of the inorganic 
oxide is selected to bond with the particular type of molecules 
present in the polymer. Using the method of the present 
invention, any bonding arrangement can be achieved between 
the polymer and the inorganic oxide by selecting a function 
aliZing moiety with an appropriate chemical property such as 
a positive charge, a negative charge, aromaticity, hydropho 
bicity, and/ or hydrophilicity. Particularly useful functionaliZ 
ing moieties include amino acids; polyethylene with amino, 
amine, and/ or carboxylic groups. Preferred groups for bond 
ing with polymers include imidazoles, palatines, anilines, and 
amines. 

If the polymer comprises electron rich, hydrophobic and/ or 
aromatic groups (e.g. polystyrene or nitrile rubber) the func 
tionaliZing moiety can be selected to be at least partially 
positively charged or to have electron a?inity. Examples 
include imidazoles, palmatines, anilines, and amines, which 
have one or more nitrogen groups that can be protentated to 

form an iNHx” (where x is 1-3). 
In contrast, if the polymer has positively charged groups 

(e.g. polyaniline) the functionaliZing moiety can be selected 
to have an electronrich group such as a hydroxyl or a carboxyl 

group (e.g. citric acid, acrylic acid, glycolic acid, oxalic acid, 
polyacrylic acid, or their salts). In this manner, polymers that 
have very low reactivity (e. g. polystyrene and nitrile rubber) 
can bond with the functionalized ?ller material (i.e. the func 
tionalized inorganic oxide). 

B. Catalyst Supports and Supported Catalysts 
In an alternative embodiment of the invention, the func 

tionalized inorganic oxide substrate is manufactured to be a 
catalyst support that can be used for manufacturing supported 
catalysts. In this embodiment, the inorganic oxide substrate is 
con?gured to be suitable for use as a catalyst support material 
and the functionaliZing agent molecules are selected to bond 
catalyst atoms. 
The catalyst atoms that can be used to form nanocatalyst 

particles according to the present invention can include any 
metal or nonmetal, alone or in combination with other ele 
ments, so long as the nanoparticles formed therefrom exhibit 
catalytic activity. Examples include one or more noble met 
als, which include platinum, palladium, iridium, gold, 
osmium, ruthenium, rhodium, and rhenium. Examples of 
other catalyst atoms include one or more base transition met 

als, rare earth metals, alkaline earth metals, alkali metals, or 
nonmetals, which can be used alone or in combination with 
other catalyst materials. 

To manufacture the catalyst nanoparticles a solution of 
catalyst atoms is reacted with the functionalized support. The 
solution of catalyst atoms is typically formed by dispersing 
the catalyst atoms in a solvent or carrier to form a solution or 
suspension. Catalyst atoms can be added to a solution in 
elemental (e.g., metallic) or ionic form. Typically, the catalyst 
atoms are added in ionic form so as to more readily dissolve 
or disperse within the solvent or carrier. Examples of suitable 
ionic forms include metal halides, nitrates or other appropri 
ate salts that are readily soluble in a solvent or carrier. Speci?c 
examples include metal phosphates, sulfates, tungstates, 
acetates, citrates, and glycolates. Suitable solvents for dis 
persing the ionic metals include those listed above for use in 
manufacturing functionalized inorganic oxide substrates. 
Once the solution of catalyst atoms is formed, the catalyst 

atoms are reacted with the functionalized support material to 
form supported nanoparticles. During the reaction of the 
functionalized support with the catalyst atoms, the function 
aliZing moieties available on the functionalized support bond 
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with the catalyst atoms to form catalyst complexes. The term 
“catalyst complex” refers to a composition in which a bond or 
coordination complex is formed between the functionalizing 
moieties and the catalyst atoms. The “bond” between the 
functional groups and catalyst atoms can be ionic, covalent, 
electrostatic, or it can involve other bonding forces such as 
coordination with nonbonding electrons, Van der Waals 
forces, and the like. 

In some cases, the catalyst complex comprises nanocata 
lyst particles bonded or anchored to the functionalized sup 
port (i.e., nanoparticles form as the catalyst atoms react with 
the functionalizing moieties or shortly thereafter). In other 
cases, a catalyst complex is initially formed as an intermedi 
ate catalyst, without the formation of nanocatalyst particles. 
The intermediate catalyst composition is then subjected to 
one or more appropriate processing steps (e.g., heat treatment 
and/ or reduction) to yield the nanocatalyst particles. 

During formation of the nanocatalyst particles of the 
present invention, the functionalizing agent molecules in?u 
ence the arrangement and/or bonding of the catalyst atoms. 
Because the functionalizing agent molecules are bonded to 
the support material, the functionalizing agent molecules 
in?uence nanoparticle formation in a particular way. In addi 
tion, functionalizing agent molecules may in?uence catalytic 
properties because of the way the particles are bonded to the 
support material during or after particle formation. Regard 
less of the theoretical cause of the unique and/or improved 
catalytic properties, the methods of the present invention are 
advantageous because they provide novel and/or improved 
catalysts as evidenced by the differences in catalytic proper 
ties as compared with known catalysts. 

The particular functionalizing agent molecules on the sup 
port material can in?uence the size and crystal face exposure 
of the nanoparticles. In general, it has been found that small 
organic molecules or highly branched polymers tend to pro 
duce nanoparticles with the 111 crystal face. Linear long 
chain polymers typically form nanoparticles with the 110 
face. A more detailed description of methods for manufactur 
ing nanoparticles with the 111 or 110 crystal face exposed is 
set forth in US. application Ser. Nos. 10/618,909 and 10/618, 
808 (both ofwhich were ?led Jul. 14, 2003), and US. Pat. No. 
6,746,597, all of which are incorporated herein by reference. 
The functionalized supports of the present invention allow 

for the formation of very small and uniform nanoparticles. In 
a preferred embodiment, the catalyst nanoparticles formed 
using the organic functionalizing agents and supports accord 
ing to the invention are preferably less than about 100 nm, 
more preferably less than about 10 nm, even more preferably 
less than about 6 nm, and most preferably less than about 4 
nm. 

III. EXAMPLES 

Example 1 

Example 1 describes a method for functionalizing silica 
with alanine. 5 g silica gel (Silica gel, white type B, 0.5-1.0 
mm bead, distributed by PlusPharma), 1 g [3-alanine and 
several drops of tri?uoroacetic acidwere added to 40 ml THE. 
The suspension was stirred at 80° C. for 12 hr. The solid was 
?ltered out and washed using water and acetone. After drying 
at 800 C. for 12 hr under vacuum, the solid was tested by 
elementary analysis, which showed: C; 1.464%, N; 0.743%. 
The Carbon and nitrogen amount indicated that the silica was 
functionalized with alanine. The alanine functionalized silica 
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8 
can be mixed with polystyrene, polystyrene benzene, poly 
benzimidazole, nitrile rubber and the like. 

Example 2 

Example 2 describes a method for functionalizing silica 
with alanine using toluene as a solvent. The steps in Example 
1 were repeated except that the reaction was carried out in 40 
ml toluene instead of THE. The elementary analysis showed 
C; 0.961%, N; 0.0496%. 

Example 3 

Example 3 describes a method for functionalizing silica 
with citric acid. 5 g of silica gel (silica gel, Merck, grade 7754, 
high purity, 70-230 mesh) was added to 1.0 g citric acid, 
several drops of tri?uoroacetic acid, and 40 ml THE. The 
suspension was stirred at 800 C. for 12 hr. The solid was 
?ltered out and washed using water and acetone. After drying 
at 800 C. for 12 hr under vacuum, the solid was tested by 
elementary analysis, which showed: C; 0.661%. The citric 
acid functionalized silica can be mixed with polyanilines, 
polydiallyldimethylammonium chloride, polychloroethyl 
ether-dimethylamino-propyl-urea, and the like. 

Example 4 

Example 4 describes a method for functionalizing silica 
with ethylene glycol. 5 g of silica gel (silica gel, Merck, grade 
7754, high purity, 70-230 mesh), 1.0 g ethylene glycol, sev 
eral drops of tri?uoroacetic acid, and 40 ml THE were mixed 
together. The suspension was stirred at 800 C. for 12 hr. The 
solid was ?ltered out and washed using water and acetone. 
After drying at 800 C. for 12 hr under vacuum, the solid was 
tested by elementary analysis, which showed: C; 0.491%. 

In an alternative embodiment, the methods of the present 
invention can be used to manufacture catalyst supports and 
supported catalysts. Manufacturing nanocatalysts according 
to the present invention can produce catalyst with improved 
catalytic activity for a wide variety of applications. The fol 
lowing examples below give speci?c data for nanocatalysts 
manufactured according to the present invention for use in 
Heck and Suzuki coupling reactions. The catalyst of the 
present invention show increased catalytic activity as com 
pared with other catalysts. 

In Examples 6-8 below, supported palladium based nano 
catalysts were used in a Heck reaction to catalyze the carbon 
carbon coupling of 2-bromo-6-methoxynapthalene 

Br 

H3CO 
SM 

CH3 
Pd Catalyst 

KZCO3, DMA, 
H2C=CH—O 1400 C. 

H3CO 
MW 156 
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-continued 

o\C /ocrr3 

with n-butyl vinylether. The reaction was carried out accord 
ing to the following formula: 

Example 5 

Comparative Homogenous Catalyst 

For comparative purposes, the foregoing Heck reaction 
was carried out using a homogeneous PdCl2 catalyst prepared 
according to methods that are well-known in the art. 

Example 6 

Supported Palladium Nanocatalyst Formed Using 
Other Method 

For comparative purposes, both with respect to homoge 
neous catalysts and supported nanocatalysts made according 
to the inventive methods, a supported palladium nanocatalyst 
was prepared for use in the Heck reaction. The comparative 
supported nanocatalyst was prepared by reacting a plurality 
of palladium catalyst atoms with polyacrylic acid to form a 
colloidal solution. More speci?cally, an acidic solution of 
PdCl2 (0.6665 g PdCl2 in 500 ml water) and a solution of 
polyacrylic acid (10.13 g of 45% of polyacrylic acid solution 
in 100 ml of water) were added to a three neck ?ask and 
purged with nitrogen for 2 hours. The mixture was then 
purged with hydrogen for 45 minutes and stirred overnight. 
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10 
The suspension was then mixed with an alumina-silica 

support to form catalyst nanoparticles and to anchor the cata 
lyst nanoparticles to the support. More speci?cally, a glass 
reactor containing 10 g of A1203iSiO2 was submitted to 5 
cycles of evacuation and re?lling with argon over a period of 
30 minutes. The support was soaked in methanol (50 ml) for 
2 hours followed by decantation of the solvent and addition of 
the colloid solution previously prepared. The contents were 
stirred using a suspended stirrer while heat was applied to 
evaporate the water. Complete evaporation was followed by a 
calcination step at 300 C. for 6 hours under hydrogen. Wash 
ing of the support with water until no free chlorine was 
detected and drying the support for 3 hours at 100° C. were the 
?nal steps of the preparation. 

Palladium loading on the support was 4% by weight. The 
supported palladium nanocatalyst was used to carry out the 
Heck reaction outlined above. 

Example 7 

4% Pd on Al2OziSiO2 Support 

A palladium catalyst was prepared according to the inven 
tive methods of the present application. More particularly, a 
glass reactor containing 10 g of A1203iSiO2 was submitted 
to 5 cycles of evacuation and re?lled with argon over a period 
of 30 minutes. The support was soaked in methanol (50 ml) 
for two hours followed by decantation of the solvent and 
addition of a solution containing the anchoring agent (10.13 g 
of 45% polyacrylic acid sodium salt in 250 ml of water). The 
contents were stirred while heat was applied to evaporate the 
water. After complete evaporation, the modi?ed support was 
placed in the oven for 4 hours at 800 C. 

The modi?ed support was then washed with water and 
dried at 1000 C. for 3 hours to yield the functionalized sup 
port. Thereafter, the functionalized support was mixed with 
an acidic solution of palladium chloride (0.6665 g PdCl2 in 
500 ml of water). Complete evaporation of the solvent was 
followed by a calcination step at 300° C. for 6 hours under 
hydrogen. Washing of the support with water until no free 
chlorine was detected and drying the support for 3 hours at 
1000 C. were the ?nal steps of the preparation. 

Palladium loading was 4%. The palladium nanocatalyst of 
Example 7 was used in the Heck reaction to catalyze carbon 
carbon coupling of 2-bromo-6-methoxynapthalene with 
n-butyl vinylether. 

Example 8 

4% Pd on SiO2 Support 

A supported nanocatalyst according to the present inven 
tion was prepared using the same steps as in Example 7, 
except that the support material was SiO2. This nanocatalyst 
was then used to catalyze carbon-carbon coupling of 
2-bromo-6-methoxynapthalene with n-butyl vinylether in a 
Heck reaction. 
The results of the Heck reaction performed using the cata 

lysts of Examples 5-8 are shown in Table 1 below and accord 
ing to the following procedure. A glass reactor containing 
0.0266 g supported catalyst (0.01 mmol Pd) and K2CO3 
(1.047 g, 7.5 mmoles) was placed under vacuum for 15 min 
utes during which 5 cycles of evacuation and re?lling with 
argon were performed. A solution of 2-bromo-6-methox 
ynaphthalene (1.22 g, 5 moles) in 13.5 ml of dimethylac 
etamide was added to the reaction ?ask followed by the 
addition of 1.5 ml of n-butylvinylether (10 moles). The 
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system was purged with argon and then placed in a stir/hot 
plate at 140° C. An aliquot was taken every hour to monitor 
the progress of the reaction. Upon completion, the supported 
catalyst was removed by ?ltration and the product analyzed 
by atomic absorption. 

12 
3. A method as in claim 1, wherein the bonding functional 

group is selected from the group consisting of carboxyl, 
hydroxyl, amine, and sulfonic. 

4. A method as in claim 1, wherein the functionaliZing 
moiety is selected from the group consisting of a hydroxyl, a 

TABLE 1 

Time Starting Metal 
Catalyst hrs Material MW256 MW256 MW256 % Conv leaching 

Example 5 PdC12 Comparative 21 71.5 13.5 5.0 9.9 28.5% N/A 
Homogeneous Catalyst 

Example 6 4% I’d/A12O3iSiO2 24 58.1 19.2 6.6 16.0 41.9% 
Comparative Supported 
Nanocatalyst 

Example 7 4% Pd/A1203iSiO2 24 16.2 37.9 16.7 29.2 83.8% 
Supported Nanocatalyst 

Example 8 4% Pd/SiO2 20 10.7 39.1 18.0 32.1 89.3% <0.1 ppm 
Supported Nanocatalyst 

20 As plainly shown by the data set forth in Table l, the 
supported nanocatalysts of Examples 6-8 were far more 
effective than the homogeneous catalyst of Example 5 in 
forming the desired MW256 isomers. That indicates that 
supported palladium nanocatalysts, in general, regardless of 
how they are manufactured, are superior to homogeneous 
catalysts in carrying out Heck-carbon coupling reactions. 
This is a surprising and unexpected result. 

Moreover, the supported nanocatalysts of Examples 7 and 
8 manufactured according to the inventive methods disclosed 
herein exhibited far better results than supported nanocata 
lysts formed in another way, as in Example 6. This is also a 
surprising and unexpected result. 
The present invention may be embodied in other speci?c 

forms without departing from its spirit or essential character 
istics. The described embodiments are to be considered in all 
respects only as illustrative and not restrictive. The scope of 
the invention is, therefore, indicated by the appended claims 
rather than by the foregoing description. All changes which 
come within the meaning and range of equivalency of the 
claims are to be embraced within their scope. 

What is claimed is: 
1. A method for functionaliZing an inorganic oxide, com 

prising: 
providing an inorganic oxide substrate, the substrate hav 

ing a plurality of surface functional groups on the sur 
face thereof; 

(ii) providing a functionaliZing agent comprising a plural 
ity of organic functionaliZing molecules that are free of 
silicon, wherein each of the organic functionaliZing mol 
ecules has at least one bonding functional group capable 
of bonding to the surface functional groups of the sub 
strate and at least one functionaliZing moiety that can 
give the substrate a desired functionality; and 

(iii) reacting the functionaliZing agent with the substrate 
such that the bonding functional group bonds to the 
surface of the substrate and the functionaliZing moiety 
remains available to give the substrate the desired func 
tionality so as to yield a functionalized inorganic oxide 
with functionaliZing molecules bonded thereto that do 
not contain a metal and have functionaliZing moieties 
that are available for bonding. 

2. A method as in claim 1, wherein the bonding functional 
group is selected from the group consisting of a hydroxyl, a 
carboxyl, a carbonyl, an amide, an amine, a thiol, a sulfonic 
acid, sulfonyl halide, an acyl halide, and combinations 
thereof. 
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carboxyl, a carbonyl, an amide, an amine, a thiol, a sulfonic 
acid, sulfonyl halide, an acyl halide, and combinations 
thereof. 

5. A method as in claim 1, wherein the functionaliZing 
moiety is selected from the group consisting of carboxyl, 
hydroxyl, amine, nitrile, amide, and halide. 

6. A method as in claim 1, wherein the functionaliZing 
agent is selected from the group consisting of polyacrylic 
acid, polyacrylic acid salts, polyvinylbenzoates, polyvinyl 
sulfate, polyvinyl sulfonates including sulfonated styrene, 
polybisphenol carbonates, polybenZimidizoles, polypyri 
dine, sulfonated polyethylene terephthalate, polyvinyl alco 
hol, polyethylene glycol, and polypropylene glycol, ethanol, 
propanol, formic acid, acetic acid, oxalic acid, malonic acid, 
ethylene glycol, propylene glycol, glycolic acid, glucose, 
citric acid, glycine, alanine, ethanolamine, mercaptoethanol, 
2-mercaptoacetate, sulfobenzyl alcohol, sulfobenzoic acid, 
sulfobenzyl thiol, sulfobenzyl amine, and combinations 
thereof. 

7. A method as in claim 1, further comprising reacting a 
plurality of catalyst atoms with the functionalized substrate 
and forming a plurality of supported nanocatalyst particles. 

8. A method as in claim 1, wherein the bonding functional 
group is covalently bonded to the support material. 

9. A method as in claim 1, wherein the inorganic oxide 
comprises silica. 

10. A method as in claim 1, wherein the inorganic oxide 
includes surface functional groups that comprise hydroxyl 
groups. 

11. A method as in claim 1, wherein substrate is a particu 
late. 

12. A method for functionaliZing an inorganic oxide, com 
prising: 

(i) providing an inorganic oxide substrate comprising silica 
and/or alumina, the substrate having a plurality of 
hydroxyl groups on a surface thereof; 

(ii) providing a functionaliZing agent comprising a plural 
ity of organic functionaliZing molecules that are free of 
silicon and that have at least one bonding functional 
group and a functionaliZing moiety, wherein the func 
tionaliZing agent is selected from the group consisting of 
citric acid, polyacrylic acid, oxalic acid, ethylene glycol, 
ethanolamine, glycine, glycolic acid, adipic acid, salts 
thereof, and combinations thereof; and 

(iii) reacting the functionaliZing agent with the substrate 
such that the bonding functional group bonds to the 
hydroxyl groups on the surface thereof and the function 
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aliZing moiety remains available to give the substrate the 
desired functionality so as to yield a functionalized inor 
ganic oxide With functionaliZing molecules bonded 
thereto that do not contain a metal and have functional 
iZing moieties that are available for bonding. 

13. A method as in claim 12, Wherein the bonding func 
tional group is covalently bonded to the support material. 

14. A method for manufacturing a functionaliZing catalyst 
support material, comprising: 

(i) providing an inorganic oxide substrate having a plural 
ity of functional groups on the surface thereof and the 
substrate having a composition, a particle size, and a 
surface area suitable for use as a catalyst support for a 
nanoparticle catalyst; 

(ii) providing a functionaliZing agent comprising a plural 
ity of organic molecules that are free of silicon, Wherein 
each of the organic molecules has a ?rst bonding func 
tional group capable of bonding to the functional groups 
of the substrate and a second functionaliZing group that 
can bond With a catalyst atom; and 

(iii) reacting the functionaliZing agent With the support 
material such that the ?rst bonding functional group 
bonds to the surface thereof and the second functional 
iZing group does not contain a metal and remains avail 
able to bond With a catalyst atom. 

15. A method as in claim 14, Wherein the support material 
has a surface area between about 100 m2/ g and about 1000 
m2/ g. 

16. A method as in claim 14, Wherein the inorganic oxide is 
silica or alumina. 

17. A method as in claim 14, Wherein the catalyst support 
comprises titania, kieselguhr, diatomaceous earth, bentonite, 
clay, Zirconia, or magnesia. 

18. A method as in claim 14, Wherein the functionaliZing 
agent covalently bonds to the support material. 

19. A method as in claim 1, Wherein the bonding functional 
group is selected from the group consisting of a hydroxyl, a 
carboxyl, a carbonyl, an amide, an amine, a thiol, a sulfonic 
acid, sulfonyl halide, an acyl halide, and combinations 
thereof. 

20. A method as in claim 1, Wherein the functionaliZing 
moiety is selected from the group consisting of a hydroxyl, a 
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carboxyl, a carbonyl, an amide, an amine, a thiol, a sulfonic 
acid, sulfonyl halide, an acyl halide, and combinations 
thereof. 

21. A method as in claim 14, Wherein the functionaliZing 
agent is selected from the group consisting of citric acid, 
polyacrylic acid, oxalic acid, ethylene glycol, ethanolamine, 
glycine, glycolic acid, adipic acid, salts thereof, and combi 
nations thereof. 

22. A method for manufacturing a functionalized ?ller 
material, comprising: 

(i) providing an inorganic oxide substrate having a plural 
ity of surface functional groups on the surface thereof, 
the substrate having a composition, a particle size, and a 
surface area suitable for use as a ?ller material; 

(ii) providing a functionaliZing agent comprising a plural 
ity of organic molecules that are free of silicon and metal 
atoms, Wherein each of the organic molecules has a ?rst 
bonding functional group capable of bonding to the sur 
face functional groups of the substrate and a second 
functionaliZing group that can bond With a polymeric 
material; and 

(iii) reacting the functionaliZing agent With the substrate 
such that the ?rst functional group bonds to the surface 
thereof and the second functional group does not contain 
a metal and remains available to bond With a polymeric 
material. 

23. A method as in claim 22, Wherein the functionaliZing 
moiety is aromatic. 

24. A method as in claim 22, further comprising mixing the 
functionalized ?ller material With a polymeric material. 

25. A method as in claim 22, Wherein the functionaliZing 
moiety is an electron acceptor. 

26. A method as in claim 24, Wherein the functionalized 
?ller material is mixed With nitrile rubber. 

27. A method as in claim 24, Wherein the functionalized 
?ller material is mixed With polystyrene. 

28. A method as in claim 1, further comprising mixing the 
functionalized inorganic oxide With a polymeric material. 

29. A method as in claim 12, further comprising mixing the 
functionalized inorganic oxide With a polymeric material. 

* * * * * 
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